Mitochondrial Sirtuin 5 (SIRT5) is an NAD ؉ -dependent demalonylase, desuccinylase, and deglutarylase that controls several metabolic pathways. A number of recent studies point to SIRT5 desuccinylase activity being important in maintaining cardiac function and metabolism under stress. Previously, we described a phenotype of increased mortality in whole-body SIRT5KO mice exposed to chronic pressure overload compared with their littermate WT controls. To determine whether the survival phenotype we reported was due to a cardiac-intrinsic or cardiac-extrinsic effect of SIRT5, we developed a tamoxifeninducible, heart-specific SIRT5 knockout (SIRT5KO) mouse model. Using our new animal model, we discovered that postnatal cardiac ablation of Sirt5 resulted in persistent accumulation of protein succinylation up to 30 weeks after SIRT5 depletion. Succinyl proteomics revealed that succinylation increased on proteins of oxidative metabolism between 15 and 31 weeks after ablation. Heart-specific SIRT5KO mice were exposed to chronic pressure overload to induce cardiac hypertrophy. We found that, in contrast to whole-body SIRT5KO mice, there was no difference in survival between heart-specific SIRT5KO mice and their littermate controls. Overall, the data presented here suggest that survival of SIRT5KO mice may be dictated by a multitissue or prenatal effect of SIRT5.
Sirtuin 5 (SIRT5) is an NAD ϩ -dependent demalonylase (1, 2) , desuccinylase (2) , and deglutarylase (3) that resides primarily in mitochondria. Previous studies demonstrated that SIRT5 desuccinylase activity is important in maintaining cardiac function and metabolism in response to stress. In a model of ischemia-reperfusion injury, infarct size in SIRT5KO 4 mouse hearts was greater than in WT littermates (4) . Additionally, SIRT5 depletion was detrimental to cardiac function at 39 weeks of age, with defects in cardiac fatty acid oxidation (5) . Finally, we recently observed increased mortality and impaired oxidative metabolism in whole-body SIRT5KO mice, compared with WT littermates, with the stress of chronic pressure overload-induced cardiac hypertrophy (6) . Each of these three studies on the role of SIRT5 in the heart performed succinyl proteomics measurements in WT and SIRT5KO heart tissue to identify enzymes and pathways potentially regulated by SIRT5. In all three studies, key pathways in mitochondrial metabolism, including oxidative phosphorylation, TCA cycle, and fatty acid oxidation, were identified as being regulated by SIRT5, given the increase in succinylation on many enzymes in these pathways with SIRT5 depletion (6) . Together, these data suggest that SIRT5 is important in maintaining cardiac function by desuccinylating key enzymes in oxidative metabolism. Although these studies suggest that SIRT5 has a cardioprotective role, whether the effect of SIRT5 is cardiomyocyte-specific or due to an effect of SIRT5 outside of the heart remains unknown.
Most characterizations of the physiological roles of mitochondrial sirtuins have been conducted in whole-body sirtuin KO mice, including our previous work on the role of SIRT5 in cardiac function (6) . However, differing degrees of acetylation in SIRT3KO tissues (7) and malonylation and succinylation in SIRT5KO tissues (8) suggest that the roles of sirtuins may differ between tissues. More recently, understanding the tissue-specific effects of mitochondrial sirtuins has emerged as an important area of investigation to determine the contribution of individual tissues to the phenotypes described in germline depletion models. For example, whole-body SIRT3KO mice on a high-fat diet have accelerated development of obesity, insulin resistance, hyperlipidemia, and steatohepatitis (9) . However, in a liver-or skeletal muscle-specific SIRT3KO model (two tissues with a strong influence on whole-body metabolism), no metabolic differences compared with WT controls were observed despite hyperacetylation profiles similar to the wholebody SIRT3KO model (10) . Either a tissue beyond liver/skeletal muscle or a coordinated tissue response was responsible for the phenotypes observed in the whole-body SIRT3KO mouse. Another major phenotype in the whole-body SIRT3KO mouse is the development of spontaneous cardiac hypertrophy (11, 12) . A recent study found that this phenotype is recapitulated in a skeletal muscle-and heart-specific SIRT3KO model (13) . However, it is not yet known whether this is exclusively an effect of SIRT3 in cardiomyocytes; indeed, SIRT3 has also been shown to play a direct role in fibrosis (14) , a key component in the development of cardiac hypertrophy. So far, no studies have been published on the tissue-specific roles of SIRT4 or SIRT5. Thus, there is a need to develop tissue-specific sirtuin KO models to better understand the tissues contributing to the phenotypes revealed in whole-body KO models. To this end, we set out to determine whether the phenotypes described in the whole-body SIRT5KO mouse under chronic pressure overload-induced hypertrophy (6) were recapitulated in a heart-specific SIRT5KO mouse model.
A well-established experimental tool to knock out genes in an inducible and cardiomyocyte-specific manner is the ␣-MHC-MerCreMer mouse model. In this model, two mutated estrogen receptors (Mer) flank a Cre transgene located upstream of the cardiomyocyte-specific myosin heavy chain ␣ (␣-MHC) promoter (15) . This system requires delivery of tamoxifen to bind to the mutated estrogen receptors, translocate to the nucleus, and induce expression of Cre. One benefit of using an inducible system is that the gene can be depleted postnatally, circumventing problems with embryonic lethality or compensation during early development. However, a major caveat of this mouse model is Cre toxicity in the heart, as evidenced by heart failure with high amounts of tamoxifen (16) and transient inflammation and hypertrophy with lower doses of tamoxifen (17) . Here we present data on the development and characterization of an inducible cardiomyocyte-specific SIRT5KO mouse model. Further, we analyze the cardiac morphological and functional changes with chronic TAC and survey the succinylation profile in this novel mouse model.
Results

Characterization of the heart-specific, tamoxifen-inducible SIRT5KO mouse model
To test whether the cardiac phenotypes observed in the whole-body SIRT5KO mouse (6) were heart-intrinsic, we developed a heart-specific, tamoxifen-inducible SIRT5KO mouse model. To generate this mouse, we crossed SIRT5 fl/fl (18) mice with ␣MHC-MerCreMer mice to generate littermates with the following genotypes: SIRT5 fl/fl ; ␣MHC-MerCreMer Ϫ/Ϫ (hereafter referred to as fl/fl) and SIRT5 fl/fl ; ␣MHC-MerCreMer ϩ/Ϫ (hereafter referred to as fl/fl;MCM). Additionally, the floxed alleles were crossed out of this line to generate a second line of ␣MHC-MerCreMer Ϫ/Ϫ and ␣MHC-MerCreMer ϩ/Ϫ mice to generate ␣MHC-MerCreMer ϩ/Ϫ (hereafter referred to as MCM) mice to control for Cre toxicity.
Two methods of delivering tamoxifen were tested to determine optimal SIRT5 depletion in the heart. First, adult mice were fed a commercially available tamoxifen citrate diet (Envigo Tekland Diets, TD.130860) for 3 weeks. In a second method, tamoxifen was dissolved in corn oil and given to adult mice by oral gavage at a dose of 80 mg/kg for 3 consecutive days. We found that with either method of delivery, depletion of SIRT5 took more than 2 weeks ( Fig. 1 ). Feeding tamoxifen citrate for 3 weeks followed by 2 weeks of regular chow resulted in ϳ75% depletion of SIRT5 ( Fig. 1, A and B) , whereas 2 weeks after the oral gavage regimen, we observed about 50% depletion of SIRT5 ( Fig. 1 , D and E). Because expression of Cre in the heart has been shown to be toxic and results in acute cardiomyopathy (17), we measured cardiac hypertrophy by calculating the ratio of heart weight to body weight at multiple time points throughout these pilot studies. Although there was only a small sample size at each time point (n ϭ 1 or 2), there were trends of increased hypertrophy in the fl/fl;MCM mice compared with the fl/fl mice after 3 weeks of the tamoxifen diet (Fig. 1C ). This hypertrophy appeared to normalize after 2 weeks of regular chow following the tamoxifen diet. No differences in heart weight to body weight were observed between the fl/fl controls and fl/fl;MCM mice in the oral gavage pilot study ( Fig. 1F ). Finally, we used RT-qPCR to further measure the transcript levels of Sirt5 and markers of Cre toxicity, including Nppa (Anf), Nppb (Bnp), and Il6. Although SIRT5 protein levels were not diminished until weeks after tamoxifen dosing, Sirt5 transcript levels were depleted at earlier time points ( Fig. 1G ). Maximal depletion of Sirt5 transcript levels occurred after 2 weeks of the tamoxifen diet ( Fig. 1G , left) and 1 day after the oral gavage dosing regimen ( Fig. 1G, right) . The transcript levels of Cre toxicity markers were highest after 3 weeks of tamoxifen diet feeding or 1 day to 1 week after oral gavage dosing ( Fig. 1 , H-J). In the tamoxifen diet pilot group, transcript levels of Anf, Bnp, and Il6 returned to control levels after 2 weeks of regular chow feeding. Anf and Bnp remained elevated in the oral gavage pilot group 2 weeks after oral gavage dosing (Fig. 1, H and I) . Based on these data, we proceeded with optimization of the tamoxifen diet feeding regimen because greater depletion of SIRT5 was achieved, and we predicted that a shorter time on the diet would be sufficient to achieve depletion of SIRT5 and would result in less Cre toxicity. In studies described below, tamoxifen diet was fed for 8 -10 days, and we observed decreased evidence of Cre toxicity (data not shown).
Given that SIRT5 is a protein lysine desuccinylase and that succinylation in the whole-body SIRT5KO heart is abundant, we looked at succinylation over time after tamoxifen-induced ablation of Sirt5. Adult female mice were fed a tamoxifen citrate diet for 10 days, followed by a regular chow diet. Mice were sacrificed immediately after the tamoxifen diet regimen and 3, 6, 12.5, and 32.5 weeks after the tamoxifen diet regimen. Western blotting was used to analyze succinylation and SIRT5 protein expression in whole-heart lysates. Interestingly, we found that it took several weeks for protein succinylation to accumulate to levels that were comparable with succinylation in the whole-body SIRT5KO mouse (Fig. 2, A and B) . Specifically, 32.5 weeks after depletion of Sirt5, succinylation in fl/fl;MCM mouse hearts was about 3-fold greater than succinylation in fl/fl mouse hearts. Although this was the maximum succinylation achieved in this time course, the whole-body SIRT5KO mouse heart has an approximate 5.5-fold increase in succinylation over the WT control (6). Thus, it is possible that sites of lysine succinylation would continue to accumulate when the time course is taken past 32.5 weeks. Interestingly, SIRT5 protein appeared to be maximally depleted 3 weeks after the tamoxifen diet feeding regimen ( Fig. 2C ). Together, these data show that, in our heart-specific, inducible SIRT5KO mouse model, SIRT5 is depleted after 3 weeks on the tamoxifen diet, but succinylation continues to increase for at least 30 weeks. This important finding provides a unique tool to assess the effects of SIRT5 ablation with varying degrees of protein lysine hypersuccinylation, which might allow us to disentangle the effects of SIRT5 from effects of protein succinylation.
Heart-specific SIRT5KO succinyl proteomics
To further explore the increase in protein lysine succinylation after Sirt5 ablation, we performed succinyl proteomics in fl/fl and fl/fl;MCM mice 15 weeks and 31 weeks after tamoxifen diet feeding. From the previous time course experiment, we predicted that we would observe a small increase in protein succinylation in fl/fl;MCM mice 15 weeks after tamoxifen diet feeding and a large increase in protein succinylation in fl/fl; MCMC mice 31 weeks after tamoxifen diet feeding. Investigation of the cardiac succinylome at these time points would allow us to determine how the cardiac succinylome landscape changes with time after Sirt5 depletion. Immediately after weaning, fl/fl and fl/fl;MCM mice were fed tamoxifen for 8 days and then returned to a regular chow diet. One group of mice was sacrificed 15 weeks after tamoxifen-induced ablation of Sirt5 (n ϭ 2 fl/fl and n ϭ 3 fl/fl;MCM), and a second group of mice was sacrificed 31 weeks after tamoxifen-induced ablation of Sirt5 (n ϭ 2 fl/fl and n ϭ 2 fl/fl;MCM) ( Fig. 3A) . Left ventricles of hearts were pulverized and processed at the same time for succinyl proteomics analysis using a workflow leveraging peptide labeling with tandem mass tag (TMT) 10-plex reagents (Thermo Fisher Scientific), immunoprecipitation with anti- Table S1 for quantitative data on relative succinylpeptide and protein abundances.
First we analyzed changes in the proteome with respect to time and genotype. Using the parameters of log 2 FC Ն 1 and an adjusted p Յ 0.1 (Benjamini-Hochberg correction, 10% FDR), there existed only one significant change in the proteome. Esr1 (estrogen receptor) was significantly increased in the 15-week SIRT5KO compared with the 15-week WT control ( Fig. 3B ).
Esr1 induction is due to the constitutive transgenic overexpression of mutated estrogen receptors under the control of the MHC promoter and is thus not an effect of Sirt5 ablation. We interrogated the pathways represented in the top 5% ( Fig. 3B , red) and bottom 5% ( Fig. 3B , blue) of proteins when ranked according to -fold change and found pathways that were significantly overrepresented in these groups. Among the proteins that increased the most in hearts with Sirt5 ablation, the pathways of muscle contraction and response to stress were increased, whereas, among the proteins that decreased the Figure 3 . Overview of succinyl proteomics and comparison with whole-body SIRT5KO cardiac succinylome. A, study design. Newly weaned males were fed the tamoxifen diet for 8 days and then switched to regular chow for the remainder of the study. Group 1 was sacrificed 15 weeks after tamoxifen feeding, and group 2 was sacrificed 31 weeks after tamoxifen feeding. Proteomics on heart tissue from animals in groups 1 and 2 were performed simultaneously. B, proteome with proteins ranked according to log 2 FC (KO/WT) 15 weeks post-tamoxifen feeding. C, Venn diagrams showing overlap of quantified succinylated peptides and proteins in whole-body SIRT5KO succinylome (orange) (6) and heart-specific SIRT5KO succinylome (purple). D, top 50 highest succinylated peptides identified in the heart-specific succinylome. The corresponding KO/WT log 2 FC in the whole body SIRT5KO is shown in light blue. The shaded light blue columns indicate top 50 sites in the whole-body SIRT5KO.
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most in hearts with Sirt5 ablation, pathways of muscle organ development, sensory perception of sound (an irrelevant pathway in heart), muscle contraction, and cellular component of morphogenesis decreased. Given that proteins in muscle contraction both increased and decreased, this is likely because a large number of these proteins were identified in heart tissue. These pathways were also represented in a pathway analysis comparing the log 2 FC of SIRT5KO/WT 31 weeks after tamoxifen feeding (data not shown). Importantly, proteins in oxidative metabolism (the main targets of protein lysine succinylation) are not significantly changed with ablation of Sirt5 in the heart.
Next we compared the succinylome generated in the heartspecific SIRT5KO and the succinylome we previously generated from the hearts of whole-body SIRT5KO mice (6) . Given the different proteomic techniques and study designs, we expected to identify a smaller number of sites of succinylation in the heart-specific SIRT5KO succinylome compared with the whole-body SIRT5KO heart succinylome. In the heart-specific SIRT5KO succinylome, we identified (at 1% FDR) and quantified 1,631 succinylated peptides (an additional 504 succinylated peptides were identified but not quantified) that mapped to 462 unique proteins ( Fig. 3C) . Interestingly, only about half of these succinylated peptides were also identified in the whole-body SIRT5KO heart succinylome. We ranked the identified succinylated peptides in descending order in both succinylome datasets and found that, of the top 50 peptides increased in heartspecific SIRT5KO compared with WT hearts 31 weeks after tamoxifen feeding, half were also in the top 50 peptides increased in the whole-body SIRT5KO heart compared with the WT heart ( Fig. 3D , light blue columns). Additionally, the top 50 succinylated peptides in the heart-specific dataset were all identified in the whole-body SIRT5KO heart succinylome. This comparison illustrates that the SIRT5 targets identified in these proteomic datasets had strong overlap and that the two models of SIRT5 deficiency have similar effects on the succinylome of the heart relative to their respective controls.
The goal of this study was to determine how the protein succinylation landscape changes over time after SIRT5 depletion, specifically in the heart. To begin to answer this question, we performed pathway analyses on a group of peptides that had increased succinylation, compared both with their respective time control (KO/WT at 15 weeks and KO/WT at 31 weeks; Fig. 4 , A and B) and with their genotype control (KO 31 weeks/KO 15 weeks and WT 31 weeks/WT 15 weeks, Fig. 4C ). We used parameters of log 2 FC Ն 1 and an adjusted p Յ 0.1 (Benjamini-Hochberg correction, 10% FDR) to make a list of proteins for each given comparison that had increased succinylation. These lists were uploaded to PANTHER (Protein ANalysis THrough Evolutionary Relationships) to perform statistical overrepresentation tests (19) to determine pathways that were particularly susceptible to succinylation in this model. The top three significantly overrepresented pathways in each comparison (except WT 31 weeks/WT 15 weeks, where we saw no change in protein succinylation) were fatty acid ␤-oxidation, tricarboxylic acid cycle, and oxidative phosphorylation or cellular amino acid catabolic process. Together, these data suggest that proteins in the same metabolic pathways are succinylated in the SIRT5KO heart at 15 weeks and 31 weeks after SIRT5 depletion; indeed, these pathways are significantly overrepresented in this comparison ( Fig. 4D ). There were no peptides with changes in succinylation when comparing the succinylation profile of WT hearts 15 and 31 weeks after tamoxifen feeding (data not shown), demonstrating that few changes in the sites of protein succinylation occur under basal conditions in this time frame.
We hypothesized that the increase in succinylation that occurs in the SIRT5KO heart between 15 and 31 weeks after SIRT5 depletion was due to either an increase in the number of unique sites of succinylation or a further increase in succinylation at lysine residues already succinylated. The succinyl proteomics performed here do not allow us to fully address the former possibility because of the multiplexed nature of our workflow (i.e. qualitative identifications are made on a pool of succinylpeptides from nine samples mixed together for which relative quantitative comparisons are made). To explore the latter possibility, we plotted the -fold change of all sites of lysine succinylation at 31 weeks (KO/WT) and 15 weeks (KO/WT) in fatty acid oxidation ( Fig. 4E ) and the TCA cycle ( Fig. 4F ). We found that the -fold change of at least 50% of succinylation sites on proteins in fatty acid oxidation and the TCA cycle increased from 15 weeks ( Fig. 4F , light red circles) to 31 weeks ( Fig. 4F , dark red circles) after SIRT5 depletion. Only a few SIRT5 succinylation targets have been validated in the heart: lysine 179 and 335 on SDHA (4) and lysine 351 on HDHA (hydroxyacyl-CoA dehydrogenase, subunit A) (5) . When we compared the -fold change of these sites at 15 weeks and 31 weeks and the whole-body SIRT5KO (6) ( Fig. 4 , G-I), we found that the log 2 fold change is about the same in the 31-week and whole-body conditions but trends lower in the 15-week samples. These data suggest that succinylation of SIRT5 targets may not occur immediately after depletion of SIRT5; indeed, these data suggest that maximal succinylation on validated targets of SIRT5 occurs 31 weeks after Sirt5 ablation.
Together, our data reveal that deletion of Sirt5 postnatally in the heart results in accumulation of protein lysine succinylation over the course of several weeks to months, whereas SIRT5 protein expression is maximally depleted about 3 weeks after Sirt5 deletion by Cre. These findings provide a novel model to study the effect of loss of SIRT5 under conditions of basal succinylation and/or hypersuccinylation.
Heart-specific SIRT5KO mouse response to pressure overload-induced hypertrophy
To determine whether the phenotype of increased mortality with pressure overload-induced hypertrophy in SIRT5KO mice compared with WT mice is a cardiomyocyte or wholebody effect of SIRT5 (6), we induced left ventricle cardiac hypertrophy by performing TAC in heart-specific SIRT5KO mice. In this study, fl/fl control mice and fl/fl;MCM mice were fed a tamoxifen diet for 8 days immediately after weaning. The mice were fed a regular chow diet for 14 weeks to normalize any effects of Cre toxicity and to age-match the animals in the whole-body SIRT5KO TAC study. TAC surgery was performed on all animals in the study, and serial echocardiograms were Ablation of Sirtuin5 in the postnatal mouse heart taken at 0, 2, 4, 8, 12, and 16 weeks to investigate cardiac morphology and function (Fig. 5C ). The most striking phenotype in whole-body SIRT5KO mice we reported previously was decreased survival over the course of 16 weeks of TAC. We repeated this study in fl/fl and fl/fl;MCM mice and, to our surprise, did not observe a difference in survival between the two groups with TAC ( Fig. 5B ). Within the first week, there was an overall 30% mortality, which was likely due to surgery (ϳ20% mortality is expected with TAC). Over the remaining 15 weeks of observation, there was only one instance of mortality in each group. At the end of 16 weeks, gradients were measured on surviving mice, and both groups had gradients well above the accepted 20 mm Hg cutoff (data not shown). Wall thickness significantly increased in the fl/fl and fl/fl;MCM groups (com- pared with their respective pre-TAC wall thickness) within the first 2 weeks of TAC ( Fig. 5C ), indicative of development of hypertrophy. However, we observed no difference between genotypes. Left ventricle weight to body weight was measured at the end of the study (data not shown), and no differences in genotype were observed. Additionally, we observed that cardiac function is maintained over the course of this TAC study, as fractional shortening was not significantly changed over time or between genotypes ( Fig. 5D ). These morphological and functional changes are consistent with the development of left ventricle hypertrophy with no apparent cardiac dysfunction. Together, these data show that the phenotype observed in the whole-body SIRT5KO mouse of increased mortality compared with WT controls with TAC does not repeat in the inducible, heart-specific SIRT5KO mouse model under these conditions.
Effect of pressure overload-induced hypertrophy on metabolism and protein lysine succinylation
Although we saw no differences in cardiac function by measurements of fractional shortening, we probed the possibility that there could be a molecular signature of a trajectory toward cardiac dysfunction as we observed in the whole-body SIRT5KO heart under TAC stress (6) . We examined the metabolite profiles of fl/fl and fl/fl;MCM hearts isolated from mice before and after 16 weeks of TAC by using high-resolution MS and saw no differences in metabolite profiles between genotypes in either the pre-TAC (Fig. 6A ) or post-TAC (Fig. 6B) group. This suggests that cardiac metabolic pathways between WT and heart-specific SIRT5KO are similar under both basal and post-TAC conditions. In contrast, we saw evidence of reduced oxidative metabolism via metabolic profiling in the whole-body SIRT5KO mouse heart compared with the WT heart after 4 weeks of TAC (6) . To further investigate the possibility of differential cardiac energetics between genotypes, we examined the ratio of PCr/ATP, lactate/pyruvate, and ␤-hydroxybutyrate/acetoacetate ( Fig. 6 , C-E). We found no differences in these ratios in either the pre-TAC or post-TAC groups. Interestingly, ␤-hydroxybutyrate/acetoacetate was significantly increased under the TAC condition, suggesting that oxidative metabolism may be increased under the post-TAC condition, consistent with the development of cardiac hypertrophy and maintenance of cardiac function. Additionally, mRNA expression of genes that regulate cardiac metabolism were the same in the fl/fl and fl/fl;MCM mice after TAC (Fig. 6F) , providing further evidence of no additional effect of TAC on metabolism in the heart-specific SIRT5KO mice compared with their littermate controls.
Given the surprisingly similar metabolite profiles in the fl/fl and fl/fl;MCM hearts, we decided to interrogate the effect of TAC surgery (and development of left ventricle hypertrophy) on protein lysine succinylation. In the whole-body SIRT5KO heart, succinylation decreased in 4 week post-TAC compared with pre-TAC SIRT5KO animals (6) . A decrease in succinylation over the course of a 16-week study could explain the similar metabolite profiles. However, we found that protein succinylation was 2-fold higher in fl/fl;MCM mice compared with fl/fl mice in the pre-TAC group and that protein succinylation was 4-fold higher in fl/fl;MCM mice compared with fl/fl mice in the post-TAC group (Fig. 6, G and H) . Additionally, there was an increase in protein succinylation when comparing the fl/fl; MCM 16-week post-TAC group and fl/fl;MCM pre-TAC Ablation of Sirtuin5 in the postnatal mouse heart group (Fig. 6, G and H) . In contrast to whole-body SIRT5KO mice, where protein succinylation decreases with 4 weeks of TAC, we find that succinylation increases with 16 weeks of TAC in heart-specific SIRT5KO mice. In both models, there is no change in succinylation with TAC in the control groups (WT or fl/fl). SIRT5 protein expression was the same in the fl/fl;MCM pre-TAC and 16-week TAC groups (Fig. 6, G and I) . Thus, there is a difference in protein succinylation in the wholebody SIRT5KO mouse model and heart-specific SIRT5KO mouse model both at the time of TAC surgery and in response Ablation of Sirtuin5 in the postnatal mouse heart to TAC, although Sirt5 is ablated in the heart in both models. Together, these data suggest that the phenotype observed in the whole-body SIRT5KO mouse model with TAC may be influenced by a role of SIRT5 in tissues outside of the heart and is likely not a direct effect of the accumulation of lysine succinylation on cardiac proteins in adulthood.
Discussion
A major goal of this study was to determine whether increased mortality in whole-body SIRT5KO mice exposed to pressure overload-induced cardiac hypertrophy was a cardiacintrinsic effect or an effect of SIRT5 in extracardiac tissues. To answer this question, we developed a novel, tamoxifen-inducible, cardiomyocyte-specific SIRT5KO mouse model and characterized the cardiac succinylome. Similar to our previous study (6) , we used TAC surgery to initiate cardiac hypertrophy by pressure overload.
To our knowledge, prior studies involving tissue-specific sirtuin KO mouse models have not been inducible but driven by constitutive expression of Cre. A study characterizing a liverspecific SIRT3KO mouse model and a skeletal muscle-specific SIRT3KO mouse model reported similar acetylation profiles compared with the whole-body SIRT3KO mouse model (10) . In contrast, in the heart-specific SIRT5KO mouse model, we found that succinylation accumulated over a time course of months after Sirt5 ablation, with no change in succinylation in fl/fl controls after feeding the tamoxifen diet (Fig. 2 ).
One emerging model suggests that acylation is a form of carbon stress and that sirtuins function to remove acyl-lysine modifications as a part of the protein quality control network (20) . Acylation could occur nonenzymatically, and recent studies from our laboratory demonstrate that succinyl-CoA undergoes intramolecular catalysis to form a highly reactive cyclic anhydride intermediate (21) . In support of this notion, incubating cell protein lysates ex vivo with increasing concentrations of acyl-CoA increases the acyl-lysine signal, as measured by Western blotting (22). Our observations here suggest that accumulation of succinylation in this model is a result of availability of reactive succinyl-CoA coupled with the loss of SIRT5, the only known lysine desuccinylase. Given the reactive anhydride that forms during intramolecular catalysis of succinyl-CoA and the extended length of time to see any observable differences in lysine succinylation after SIRT5 depletion, we predict that the succinyl-CoA available for protein lysine succinylation would be relatively low in abundance under basal conditions. Previous studies have shown that acetylation accumulates under disease conditions such as heart failure when acetyl-CoA homeostasis is altered (23) . To further test this model of succinylation in the heart-specific SIRT5KO mouse model, it would be of interest to increase succinyl-CoA concentrations and determine the effect on the time of increases in protein lysine succinylation.
Inducible, heart-specific SIRT5KO mice were exposed to chronic pressure overload via TAC surgery for 16 weeks to determine whether this mouse model recapitulated the wholebody SIRT5KO mouse model's response to the same stress. Previously, we described a potential mechanism of increased mortality because of impaired oxidative metabolism in cardiomyocytes with a primary lesion at oxidative phosphorylation (OXPHOS) and an accelerated trajectory of cardiac dysfunction (6) . Surprisingly, we saw no difference in mortality between heart-specific SIRT5KO mice and their littermate controls in response to TAC. Additionally, we observed no differences in cardiac hypertrophy or function between genotypes (Fig. 5 ). This was in contrast to the whole-body SIRT5KO TAC mouse model, where we observed exaggerated hypertrophy compared with WT TAC mice. The exaggerated hypertrophic response to TAC in SIRT5KO mice was based on echocardiogram readings of wall thickness, although we did not observe any genotypic differences in left ventricle weight at the end of the TAC study. We interpreted these data at the time as indicative of two different morphologies of cardiac hypertrophy; the SIRT5KO mice developed primarily concentric hypertrophy, whereas the WT controls developed a mix of concentric and eccentric hypertrophy. Considering the observations made in the heart-specific SIRT5KO model in response to TAC, we reexamined the whole-body SIRT5KO echocardiogram data and considered that another interpretation of these data could be pseudohypertrophy based on a multitissue effect of SIRT5 that affects echocardiogram readings. Physiological factors, including heart rate, preload, and afterload, combined with environmental factors such as stress can influence echocardiogram readings (24) . Preload can be changed by dehydration (resulting in a lower blood volume) and could also cause the impression of hypertrophy (25) . Regardless of this new interpretation of the exaggerated hypertrophy in whole-body SIRT5KO mice in response to TAC, reduced survival in whole-body SIRT5KO compared with WT controls in response to TAC was the most salient finding from this previous study and is clearly not repeated in the inducible, heart-specific SIRT5KO model. One major caveat of this study was the differences in degree of succinylation in the heart-specific SIRT5KO mouse at the time of TAC surgery (Fig. 6 ) compared with the degree of succinylation in the whole-body SIRT5KO mouse at the time of TAC surgery. Based on these data, we consider two models to describe the effect of SIRT5 on cardiac function.
One model that could explain the different response to TAC in the whole-body and heart-specific SIRT5KO models is that 
Ablation of Sirtuin5 in the postnatal mouse heart
the effect is due to a whole-body or multitissue role of SIRT5. Although succinylation increases dramatically in the heart in whole-body SIRT5KO mice, it also increases greatly in the kidney, brain, and brain adipose tissue. Cardiac function is intricately linked to kidney function, and thus increased mortality with TAC in whole-body SIRT5KO mice could be a result of Sirt5 ablation in both the heart and kidneys. Indeed, SIRT5 plays a role in regulating ammonia production by desuccinylation (and activation) of glutaminase; loss of SIRT5 leads to increased ammonia production in hepatic and extrahepatic tissues (26) . Increased ammonia production can contribute to kidney disease (27) and could play a role in the response of whole-body SIRT5KO mice to TAC. Additionally, the cardiac hypertrophic response is not exclusive to cardiomyocytes but also includes an inflammatory response with the infiltration of macrophages and increased fibrosis (28) . A role for SIRT3 in preventing fibrosis by activity in fibroblasts has recently been described (14) , and several studies suggest that sirtuins may reduce inflammation (29) . The specific role of SIRT5 in the inflammatory response is a nascent area of investigation, but recent studies suggest that SIRT5 suppresses the pro-inflammatory response in macrophages (30) . Therefore, a possible explanation for the lack of difference in response to TAC in cardiomyocyte-specific SIRT5KO mice compared with WT controls could be a reduced inflammatory response in noncardiomyocyte tissues so that it is not suppressed in whole-body SIRT5KO mice with TAC; this hypothesis needs to be tested directly.
In another model, we predict that the degree of succinylation may influence the response to TAC. Given the differences in succinylation at the time of TAC surgery in the whole-body SIRT5KO model (6) and the heart-specific SIRT5KO model, it is possible that succinylation of enzymes is not sufficient to alter overall oxidative metabolism in response to TAC. Indeed, we observed no differences in metabolite profiles or metabolic representations of cardiac energetics between fl/fl and fl/fl;MCM after 16 weeks of TAC (Fig. 6 ). However, when we looked at specific targets of SIRT5 in the heart, it appeared that succinylation continued to increase between 15 and 31 weeks after SIRT5 depletion (Fig. 4) . To address this caveat, mice could be aged for more than 30 weeks after Sirt5 ablation before TAC surgery to increase protein lysine succinylation. However, this would increase the age of the mouse at the time of surgery from 12-20 weeks to close to 40 weeks of age. This itself could pose problems in comparing the heart-specific and wholebody models of the same age, as whole-body SIRT5KO mice aged to 39 weeks exhibit cardiac dysfunction compared with controls (5) .
Together, these data point to a role of SIRT5 and protein succinylation in the developing heart, either prenatally or during early postnatal development. Importantly, a key difference in this cardiomyocyte-specific SIRT5KO model compared with the whole-body SIRT5KO model is the time when Sirt5 is ablated. In the whole-body SIRT5KO mouse, Sirt5 is ablated in the germline, and thus the protein is never present in the developing mouse. In contrast, Sirt5 was ablated at 3 weeks postbirth in the heart-specific SIRT5KO mouse model described here. Our data show that depletion of SIRT5 protein took a number of weeks even after gene ablation. As a result, succinylation was maximally increased in the whole-body SIRT5KO mouse heart compared with WT controls at the earliest time points we tested (6 weeks of age, data not shown), but succinylation was not maximal in the heart-specific SIRT5KO model until 30 weeks after Sirt5 ablation. This observation provides insight into the kinetics of succinylation and suggests that free succinyl-CoA available for succinylation could be different (in amount, localization, etc.) in the developing heart compared with the adult heart. As a result, it takes several weeks for the highly reactive succinyl-CoA to succinylate available lysine residues. In the heart-specific SIRT5KO model, SIRT5 is present, and succinylation is at baseline levels during embryogenesis and early post-natal development but depleted in early adulthood; the cardiac stress of chronic pressure overload does not result in increased mortality compared with controls. In contrast, in the whole-body SIRT5KO model, Sirt5 is ablated from the germline, and the stress of chronic pressure overload results in increased mortality compared with WT controls. Although we suggest that, in some ways, this could be due to a multitissue effect of SIRT5, it will be important to test the effect of SIRT5 in the prenatal heart by using a noninducible heart-specific SIRT5KO mouse model. Conversely, an inducible, whole-body SIRT5KO model would be informative. Together, these models would certainly provide insight into the role of cardiac succinylation and SIRT5 in the heart.
From this study, we conclude that the phenotype of increased mortality with chronic TAC in whole-body SIRT5KO mice does not translate to heart-specific SIRT5KO mice when ablation of Sirt5 is induced 3 weeks postnatally. Given the differences in these models, specifically the time of cardiac SIRT5 depletion and subsequent hypersuccinylation, future studies are required to determine the role of SIRT5 in the developing heart. These studies will be focused on understanding the kinetics of Sirt5 ablation and succinylation in the developing heart and how it influences the response to cardiac stress and will further clarify the role of SIRT5 as an emerging regulator of survival under cardiac stress.
Experimental procedures
Animals
All animal research has been reviewed by the Duke University Institutional Animal Care and Use Committee and approved under protocol registry number A091-17-04. To generate the tamoxifen-inducible cardiomyocyte-specific SIRT5KO mouse, we crossed SIRT5 fl/fl females (18) (a generous gift from Johan Auwerx, École Polytechnique Fédéral de Lusanne (EPFL), Lausanne, Switzerland) with ␣MHC-MerCre-Mer ϩ/Ϫ males (obtained from The Jackson Laboratory, Bar Harbor, ME; stock no. 005657) to generate littermates with the following genotypes: SIRT5 fl/fl ; ␣MHC-MerCreMer Ϫ/Ϫ (hereafter referred to as fl/fl) and SIRT5 fl/fl ; ␣MHC-MerCreMer ϩ/Ϫ (hereafter referred to as fl/fl;MCM). Additionally, the floxed alleles were crossed out of this line by crossing SIRT5 fl/fl ; ␣MHC-MerCreMer ϩ/Ϫ males with C57BL/6J females from The Jackson Laboratory (Bar Harbor, ME, stock no. 000664) to generate a line of nonfloxed ␣MHC-MerCreMer Ϫ/Ϫ and ␣MHC-MerCreMer ϩ/Ϫ mice to generate ␣MHC-MerCre-Mer ϩ/Ϫ (hereafter referred to as MCM) mice to control for Cre toxicity. All of these mice are on the C57BL/6J background. Mice were group-housed on a 12-h light/dark cycle with free access to water and PicoLab Rodent Diet 20 (LabDiet 5053, St. Louis, MO). To induce MerCreMer expression, a tamoxifen citrate diet (Envigo Tekland Diets, Madison, WI; TD.130860) was fed for 8 -10 days. Tamoxifen citrate pellets were moistened to encourage eating, and regular chow was fed over the weekends (after 3-5 days of tamoxifen citrate feeding) to decrease weight loss with the new diet. The age, sex, genotype, and number of animals used per study are provided in the corresponding figure legends. All in vivo procedures were performed on healthy animals in accordance with the Duke Institutional Animal Care and Use Program.
Western blots
Left ventricle tissue (whole or part) was dissected and flashfrozen. Tissue was homogenized in radioimmunoprecipitation assay buffer assay buffer with protease inhibitors using a rotor. A Teflon pestle rotated at 1000 rpm was used to homogenize tissues with ϳ10 strokes. Tissue was spun down for 10 min at 10,000 ϫ g at 4°C. The supernatant was collected, and a BCA assay (Sigma) was run to determine protein concentration. Protein concentrations for each sample were normalized to 2 g/l in 4ϫ Laemmli sample buffer (Bio-Rad). Whole-cell protein extracts were resolved by SDS-PAGE using stain free Bio-Rad gels and transferred to nitrocellulose membranes using Bio-Rad's Trans-Blot Turbo. Total protein was quantified with the Gel Doc XRϩ (Bio-Rad) using stain-free technology. The membranes were blocked in 5% milk in TBS-T (TBS containing 0.1% Tween 20) for 1 h at room temperature and probed with primary antibodies in TBS-T. For anti-acyl-K blots, 3% BSA was added to the primary antibody solution. After incubation with IR dye-conjugated antibodies, the blots were developed using the Odyssey IR imaging system (LI-COR Biosciences). The commercial antibody anti-succinyl-K from PTM (401) was used. Anti-SIRT5 was a generous gift from Leonard Guarente (Massachusetts Institute of Technology, Cambridge, MA).
RT-qPCR
Animals were euthanized by exposure to CO 2 for 5 min and the whole heart was excised immediately. The heart was washed in PBS, and the left ventricle was dissected. A small (ϳ50 mg) piece of the left ventricle apex was flash-frozen immediately for downstream RNA analysis. RNA was extracted from tissues using the RNeasy Mini Kit from Qiagen (74106). cDNA was made from 750 ng of RNA using the iScript cDNA Synthesis Kit from Bio-Rad (170-8890) and diluted 1:8 with nuclease-free water. Amplification was performed using iTaq Universal SYBR Green Supermix from Bio-Rad (1725121) on the QuantStudio 6 Flex (ThermoFisher Scientific). The RT-qPCR reaction mix contained 2.5 l of 1:8 cDNA, 0.5 l of 10 M forward and reverse primer mixture, 4 l of SYBR, and 1 l of nuclease free water. 36B4 was used as a reference gene, and relative expression was calculated using the ⌬⌬ CT method.
Proteomics
Protein digestion-Animals were euthanized by exposure to CO 2 for 5 min and immediate excision of the whole heart. The heart was washed in PBS, and the left ventricle was dissected and immediately flash-frozen. The left ventricle tissue was pulverized using a Bessman tissue pulverizer (Spectrum Labs) in liquid nitrogen, and ϳ20 mg of tissue was weighed out for further sample preparation. To each sample, 300 l of urea lysis buffer (8 M urea, 50 mM (pH 8.0) Tris, 40 mM NaCl, 2 mM MgCl 2 , 10 mM nicotinamide, 10 M trichostatin A, and protease inhibitors (Roche Complete Ultra)) was added, and the tissue was disrupted with a TissueLyzer (Qiagen) for 1 min at 30 Hz. Samples were frozen on dry ice and thawed at 32°C for three freeze-thaw cycles. Samples were sonicated with a pencil tip probe sonicator at power level 3, 3 bursts for 5 s each. Samples were centrifuged at 10,000 ϫ g for 10 min at 4°C. Supernatant was placed in a clean tube, and a BCA assay (Sigma) was performed to determine protein concentration, after which 500 g of each sample was diluted in 200 l of urea lysis buffer. Samples were reduced by adding 5 mM DTT and incubating at 32°C for 30 min, cooled to room temperature (RT) and alkylated by incubation with 15 mM iodoacetamide for 30 min at RT in the dark. This reaction was quenched by adding DTT to a final concentration of 15 mM. To each sample, 5 g of LysC (Wako) was added, and digestion proceeded for 4 h at 32°C. Samples were subsequently diluted to 1.5 M urea, and 10 g of sequencegrade trypsin (Promega) was added. Samples were digested overnight at 32°C. Samples were acidified to 0.5% v/v trifluoroacetic acid (TFA), spun down at room temperature, and desalted using a 50 mg tC18 Sep-Pak SPE column (Waters). Samples were dried using a SpeedVac.
Peptide isobaric labeling-Samples were resuspended in 100 l of 200 mM triethylammonium bicarbonate. Labeling reagents (Thermo TMT10plex Kit, 90110) were resuspended in 50 l of acetonitrile (ACN) and subsequently added to the sample tubes to incubate for 4 h at RT while shaking. Reactions were quenched by adding 0.8 l of 50% hydroxylamine and shaking for 15 min at RT. All samples were combined into a single tube, which was vortexed, and dried in a SpeedVac. The sample was reconstituted in 0.5% TFA, desalted on a 100-mg tC18 Sep-Pak SPE column (Waters), and eluted. Subsequently, 5% of the "input" material was removed for quantification of unmodified peptides, leaving the remaining 95% in a second aliquot for succinylpeptide enrichment. Both aliquots of the desalted peptide mixture were dried on a SpeedVac. Succinylpeptide enrichment-Beads conjugated with succinyl-lysine antibody (CST, PTMscan Succinyl-Lysine Motif, 13764) were washed twice in ice-cold PBS. All wash steps included spinning the bead slurry down at 2,000 ϫ g at 4°C for 30 s and carefully removing the supernatant. Beads were transferred to a new tube and washed twice more with ice-cold PBS. The TMT-labeled sample (the larger aliquot from above containing 95% of the peptide mixture) was resuspended in 1.4 ml of 1ϫ immunoaffinity purification buffer (CST, PTMscan Succinyl-Lysine Motif, 13764) and centrifuged at 10,000 ϫ g at 4°C for 5 min. The supernatant was added to the washed succinyllysine antibody beads and incubated on a rotator overnight at Ablation of Sirtuin5 in the postnatal mouse heart 4°C . The sample was centrifuged at 2,000 ϫ g at 4°C for 30 s, and the flow-through was saved. The beads were washed twice with 1ϫ IAP with gentle mixing by inversion in between washes. Beads were washed three times with Milli-Q H 2 O and transferred to a new tube. Succinyl peptides were eluted from the beads by adding 100 l of 0.15% TFA and letting it sit at room temperature for 10 min with gentle mixing every 2-3 min. The sample was centrifuged at 2,000 ϫ g for 30 s, and the supernatant was transferred to a new tube. This elution step was repeated once, and the sample was brought to a final concentration of 0.5% TFA. The sample was cleaned by loading and eluting from a 50-mg tC18 Sep-Pak SPE column (Waters), dried on a SpeedVac, and resuspended in 22.5 L0.1% formic acid (FA), loaded into an autosampler tube, and stored at Ϫ80°C until ready for mass spectrometry analysis.
Input fractionation-The input sample was resuspended in 0.5 ml of 0.1% TFA and diluted to 0.33 mg/ml in 0.1% TFA. Fractionation columns (Pierce, High pH Reversed-Phase Peptide Fractionation Kit, 84868) were conditioned according to the manufacturer's instructions, and 300 l of sample was loaded onto a fractionation column and centrifuged at 3,000 ϫ g for 2 min at RT. The sample was washed with 300 l water followed by 300 l of 5% ACN, 0.1% TFA and eluted in eight fractions containing increasing amount of ACN. The fractions were dried in a SpeedVac. Sample fractions were resuspended in 10 l of 0.1% FA. Peptide fractions were quantified using a Pierce Quantitative Colorimetric Peptide Assay (Thermo Scientific, 23275).
Nano-LC-MS/MS-All samples were subjected to nanoLC-MS/MS analysis using an EASY-nLC ultra-performance liquid chromatography system (Thermo Fisher Scientific) coupled to a Q Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific) via an EASY-Spray nanoelectrospray ionization source (Thermo Fisher Scientific). Prior to injection, the succinylpeptide sample was resuspended in 22.5 l of 0.1% FA, and each of the high pH reversed-phase peptide fractions of the input material were resuspended in enough 0.1% FA to achieve a peptide concentration around 0.15 g/l (which was determined precisely using the peptide quantitation assay described above). The succinylpeptide sample was analyzed with technical triplicate runs, with 6.5 l of sample injected for each. The eight input HPRP fractions were analyzed singly with 1-g injections (roughly 7 l for each based on the precise concentration). For each injection, the sample was first trapped on an Acclaim PepMap 100 C18 trapping column (3-m particle size, 75 m ϫ 20 mm) with 18 l of solvent A (0.1% FA) at a variable flow rate dictated by a maximum pressure of 500 bar, after which the analytical separation was performed over a 105-min gradient (flow rate of 300 nl/min) of 5% to 40% solvent B (90% ACN, 0.1% FA) using an Acclaim Pep-Map RSLC C18 analytical column (2-m particle size, 75 m ϫ 500 mm column (Thermo Fisher Scientific) with a column temperature of 55°C. MS 1 (precursor ions) was performed at 70,000 resolution with an AGC target of 3 ϫ 10 6 ions and a maximum injection time of 60 ms. MS 2 spectra (product ions) were collected by data-dependent acquisition of the top 10 most abundant precursor ions with a charge greater than 1 per MS1 scan, with dynamic exclusion enabled for a window of 30 s.
Precursor ions were filtered with a 0.7 m/z isolation window and fragmented with a normalized collision energy of 30. MS 2 scans were performed at 35,000 resolution, with an AGC target of 1 ϫ 10 5 ions and a maximum injection time of 60 ms.
Raw data processing-Raw LC-MS/MS data have been deposited to the ProteomeXchange Consortium via the PRIDE (31) partner repository with the dataset identifier PXD008728. Raw LC-MS/MS data were processed in Proteome Discoverer v2.2 (PD2.2, Thermo Fisher Scientific) using both the Sequest HT (32) and MS Amanda 2.0 (33) search engines. Data were searched against the UniProt mouse complete proteome database of reviewed (Swiss-Prot) and unreviewed (TrEMBL) proteins, which consisted of 52,015 sequences on the date of download (September 23, 2017). Default search parameters included oxidation (15. 995 Da on M) as a variable modification and carbamidomethyl (57.021 Da on C) and TMT (229.163 Da on peptide N-term and K). To assess labeling efficiency as a quality control measure, the input fraction was researched with N-terminal TMT as a variable modification, confirming N-terminal labeling of 88% of all peptide spectral matches (PSMs). Succinyl runs added succinyl (100.01604 Da on K) as a variable modification and changed TMT to a variable modification on K (remaining fixed on peptide N-term). Data were searched with a 10 ppm precursor mass and 0.02 Da product ion tolerance. The maximum number of missed cleavages was set to a default value of 2 (but changed to 4 for succinyl runs), and enzyme specificity was trypsin (full). Considering each data type (succinyl, input) separately, PSMs from each search algorithm were filtered to a 1% false discovery rate (FDR) using the Percolator (34) node of PD2.2. For succinyl data, site localization probabilities were determined for succinyl lysines using the ptmRS algorithm (35) . PSMs were grouped to unique peptides while maintaining a 1% FDR at the peptide level and using a 90% site localization threshold for succinyl lysines. Peptides from all samples (succinyl, input) were grouped to proteins using the rules of strict parsimony, and proteins were filtered to 1% FDR using the Protein FDR Validator node of PD2.2. Reporter ion intensities for all PSMs having co-isolation interference below 50% (of the ion current in the isolation window) and average reporter S/N Ͼ 2.5 were summed together at the peptide group and protein level but keeping quantification for each data type (succinyl, input) separate. Peptides shared between protein groups were excluded from protein quantitation calculations.
Statistical analysis-Protein and peptide groups tabs in the PD2.2 results were exported as tab delimited .txt files, opened in Microsoft Excel, and analyzed as described previously (36) . First, peptide group reporter intensities for each peptide group in the input material were summed for each TMT channel, and each channel's sum was divided by the average of all channels' sums, resulting in channel-specific loading control normalization factors to correct for any deviation from equal protein/ peptide input between each sample. Reporter intensities for peptide groups from the succinyl fraction and for proteins from the input fraction were divided by the loading control normalization factors for each respective TMT channel. Analyzing the acetylpeptide and protein datasets separately, all loading control-normalized TMT reporter intensities were converted to log 2 space, and the average value from the six samples was Ablation of Sirtuin5 in the postnatal mouse heart subtracted from each sample-specific measurement to normalize the relative measurements to the mean. For each genotypeage condition, condition average and standard deviation were calculated. For each genotype comparison (Sirt5 KO versus control) at each age (15 and 31 weeks) and each age comparison (15 versus 31 weeks) within each genotype (Sirt5 KO and control), log 2 -fold change, p value (two-tailed student's t test, assuming equal variance), and adjusted p value (Benjamini-Hochberg FDR correction) were calculated (37, 38) . For protein-level quantification, only Master Proteins, or the most statistically significant protein representing a group of parsimonious proteins containing common peptides identified at 1% FDR, were used for quantitative comparison. Succinylpeptide measurements were calculated both alone (referred to as relative abundance) and with normalization to any change in the corresponding master protein (referred to as relative occupancy), calculated by subtracting log 2 master protein values from succinylpeptide quantitation values on a sample-specific basis.
Transverse aortic constriction
Pressure overload in mice was performed by Lan Mao of the Duke Cardiovascular Physiology Core and was induced using methods described previously (39) , except that the suture was placed between the left carotid and the left axillary arteries. Serial echocardiography was performed on conscious mice from all groups with a Vevo 2100 high-resolution imaging system (VisualSonics) as described previously.
Metabolite extraction
10 to 20 mg of frozen crushed heart tissue was weighed in an Eppendorf tube, and 200 l of ice-cold 80% methanol was added. A glass bead was added and homogenized using a TissueLyzer for 2 min at 30 Hz. 300 l of ice-cold 80% methanol was added, vortexed, and incubated on ice for 10 min. Tissue extract was centrifuged at 20,000 ϫ g at 4°C for 10 min. Supernatant containing 2 mg of tissue was transferred to a new Eppendorf tube and dried in vacuum concentrator at room temperature. The dry pellets were reconstituted into 30 l (per 2 mg tissue) of sample solvent (water:methanol:acetonitrile, 2:1:1, v/v/v), and 3 l was further analyzed by LC-MS.
LC-MS method
An Ultimate 3000 UHPLC (Dionex) was coupled to an Q Exactive Plus mass spectrometer (QE-MS, Thermo Scientific) for metabolite profiling. A hydrophilic interaction chromatography method (HILIC) employing an Xbridge amide column (100 ϫ 2.1 mm inner diameter, 3.5 m; Waters) was used for polar metabolite separation. The LC method was described previously in detail (40); mobile phase A was replaced with water containing 5 mM ammonium acetate (pH 6.8). The QE-MS is equipped with a heated electrospray ionization probe with related parameters set as follows: heater temperature, 120°C; sheath gas, 30; auxiliary gas, 10; sweep gas, 3; spray voltage, 3.0 kV for the positive mode and 2.5 kV for the negative mode; capillary temperature, 320°C; S-lens, 55; scan range (m/z), 70 to 900 for positive mode (1.31 to 12.5 min) and negative mode (1.31 to 6.6 min) and 100 to 1,000 for negative mode (6.61 to 12.5 min); resolution, 70,000; automated gain control (AGC), 3 ϫ 10 6 ions. Customized mass calibration was performed before data acquisition.
Metabolomics data analysis
LC-MS peak extraction and integration were performed using the commercially available software Sieve 2.2 (Thermo Scientific). The peak area was used to represent the relative abundance of each metabolite in different samples. The missing values were handled as described in a previous study (40) . Data were uploaded to Metaboanalyst for further downstream analysis (41, 42).
RT-qPCR
RNA was extracted from tissues using the RNeasy Mini Kit from Qiagen (74106). cDNA was made from 750 ng RNA using the iScript cDNA Synthesis Kit from Bio-Rad (170-8890). Amplification was performed using iTaq Universal SYBR Green Supermix from Bio-Rad (172-5121) on the QuantStudio
